ABSTRACT: Adsorption is one of the techniques used for the effective removal of dyes from industrial effluents, but the adsorption efficiency depends on the choice of a suitable adsorbent. The aim of the present study was to investigate the use of Neem leaves as an alternative adsorbent for the removal of dyes present in textile effluents. The dyestuff studied was the reactive dye Remazol Blue RR. In order to obtain the best removal conditions, the influence of the following parameters was investigated: pH value of the aqueous solution, agitation, addition of sodium sulphate, temperature and adsorbent particle size. A good correlation was obtained when the Langmuir model was applied to fit the experimental data obtained for the concentration of solute adsorbed by the solid phase in terms of the equilibrium concentration of the fluid phase. The experimental data showed that 90% removal of Remazol Blue RR was achievable using Neem leaves as the adsorbent.
INTRODUCTION
Environmental pollution is directly related to industrial development. Many industries, such as those which produce dyestuffs, textiles, paper and plastics use dyes in order to colour their products and also consume substantial volumes of water. As a result, a considerable amount of coloured wastewater is generated (Chandra et al. 2007) Colour is the first contaminant to be recognized in wastewater and the presence of even very small quantities of a dye is highly visible and undesirable (Crini 2005) . Dyeing in the textile industry generates problems due to the discharge of toxic effluents originating from the by-products produced. If not treated properly before being discharged into natural water bodies, these effluents may reach potable water resources and thereby cause serious ecological concern. Hence, the development of new technologies for the removal of colour from industrial effluents has received considerable attention over the past few years, partly driven by increasing environmental awareness and the implementation of ever stricter environmental rules (Holme 1984; Motschi 1994; Anjaneyulu et al. 2005; de Souza et al. 2006) .
The techniques described in the literature for the decolouration of wastewater include adsorption, precipitation, chemical and electrochemical degradation, and biodegradation processes (Guaratini and Zanoni 1999; Yener et al. 2006; de Souza et al. 2007) . Adsorption has been used successfully for the removal of colour from effluents. The first step in an efficient adsorption process is the selection of an adsorbent with a high selectivity, high adsorption capacity and a long life (Figueiredo et al. 2000) . For these reasons, activated carbon has been used extensively as an adsorbent. However, because of its high cost together with the enormous quantity of effluent produced by textile industries, researchers are turning their attention towards the use of alternative adsorbents, also called non-conventional low-cost adsorbents.
An example of this group of adsorbents is the Neem tree leaf. The Neem tree (Azadirachta indica) of the Meliaceae family is native to India and was adapted for growth in Brazil a few years ago. The Neem tree defoliates naturally during January and February each year, with the leaves being collected as waste (Bhattacharyya and Sharma 2003) . The tree grows quickly and can reach heights of 30 m with a trunk girth of 2.5 m. The leaf also has polar groups on the surface which give it a high cation-exchange capacity McKay 1999, 2000; Ho et al. 2001) . The tree itself is known as an air purifier and a variety of medicinal and germicidal properties have been attributed to the leaves, bark, seeds and other parts of the plant (Bhattacharyya and Sharma 2003) .
The aim of the present study was to investigate the efficiency of Neem tree leaves in removing dyes present in textile effluents, as well as to verify the influence of different parameters on the colour-removal process.
MATERIALS AND METHODS
The adsorbent used for the colour-removal experiments was Neem tree leaf powder (Azadirachta indica) kindly donated by Embrapa Milho e Sorgo -MG.
The dyes used in this study were the Reactive dye Remazol Blue RR, the Acid dye Lanaset Blue 2R and the Basic dye Maxilon Blue GRL 300%. Table 1 lists the molecular masses of these dyes. Sodium sulphate (Na 2 SO 4 • 10H 2 O) was added to the dye solution in order to simulate real effluent and dyeing bath conditions. The pH value of the aqueous solution was adjusted through the addition of 0.1 M NaOH solution.
Preparation of the dye solutions
The dyes were used without further purification. Initially, a concentrated stock solution (2000 mg/ᐉ) was obtained by dissolving the required amount of dye in distilled water. This stock solution was then employed to prepare a number of other solutions used in the experiments (50, 100, 200, 300, 400, 500, 1000, 1500 mg/ᐉ). The pH of the diluted solutions was adjusted to the required value by the addition of 0.1 NaOH, this being checked via a pH meter (Q-400M2 model, Quimis).
Preparation of the adsorbent
The leaves were initially washed with distilled water to remove dust and soluble impurities and then allowed to dry at 60 o C in an air oven (TE-393/1 model, Tecnal). After they had become dry and crisp, they were crushed into a fine powder in a grinder to obtain Neem Leaf Powder (NLP). The NLP was then washed once more with distilled water until the washings were free from any colour or turbidity. After drying, the NLP was packed in a vacuum machine (Selovac 2000) and stored in a freezer for subsequent use. The grain size of the adsorbent was determined by particle size analysis and was found to be between 20 and 70 mesh (0.841-0.210 mm).
Experimental procedure
Adsorption experiments were conducted using batch methods. Thus, in each experiment, 20 mᐉ of the dye solution as defined above in Section 2.1 was mixed with 1 g NLP in a glass flask and left to stand at a known temperature. After a time previously defined by kinetic experiments, the mixture was filtered and the quantity of unadsorbed dye, i.e. that remaining in the solution, was measured using a spectrophotometer (UV mini 1240 model, Shimadzu).
The same experiment was repeated to study the effect of the following parameters: agitation, pH (8, 10 and 12), addition of sodium sulphate (0%, 2%, 4% and 6% of the solution mass), temperature (25, 40 and 60 o C) and adsorbent grain size (20-40 mesh and 40-70 mesh).
Equilibrium isotherms
The adsorption isotherms were determined via batch methods employing the procedure described above in Section 2.3. Thus, samples containing different pre-determined concentrations of the adsorbate (50-2000 mg/ᐉ) were transferred volumetrically to a series of adsorption flasks, each containing a fixed mass of adsorbent. After mixing their contents, the flasks were left to stand for a sufficient time to obtain equilibrium conditions as pre-defined by kinetic experiments. After such time, samples were taken from each container and the amount of dye remaining in the aqueous solution quantified through absorbance readings using a spectrophotometer. By employing such measurements in conjunction with a calibration curve, it was possible to determine the final concentration of the dye present in the aqueous phase.
THEORY

Langmuir isotherm
The concentration of solute adsorbed onto the solid phase can be determined via mass balance of the adsorbate, as shown in equation (1): (1) where q e is the quantity of solute adsorbed onto the solid phase at equilibrium (mg/g), C 0 is the initial concentration of the adsorbate (mg/ᐉ), C eq is the equilibrium concentration of the adsorbate (mg/ᐉ), V is the volume of the solution (ᐉ) and W is the mass of adsorbent employed (g).
The experimental data recording the changes in solute concentration adsorbed onto the solid phase (adsorbent) in terms of the equilibrium concentration in the aqueous phase were fitted using the Langmuir model (Kumar and Sivanesan 2006) which may expressed by the following equation: (2) where q e is the quantity of solute adsorbed necessary to form a complete monolayer (mg/g), K L is the adsorption equilibrium constant or Langmuir constant (ᐉ/mg) and C e is the equilibrium concentration of solute remaining in the aqueous phase (mg/ᐉ). The Langmuir isotherm parameters, q e and K L , were then determined on the basis of the Langmuir equation.
An analysis of the Langmuir equation can also be carried out based on the non-dimensional equilibrium parameter, R L , defined as: (3) where C ref is the equilibrium concentration in the aqueous phase. For favourable adsorption, the value of R L must lie between 0 and 1 (0 < R L < 1), R L > 1 represents unfavourable adsorption conditions. R L = 1 represents linear adsorption while R L = 0 shows that the adsorption process is irreversible (Bhattacharyya and Sharma 2004) .
Calculation of thermodynamic parameters
Since the temperature of the standard state is that of the equilibrium mixture, the magnitudes of standard thermodynamic quantities such as ∆G 0 and ∆H 0 will vary with the equilibrium temperature employed (Van Ness and Smith 1980) . The dependency between ∆G 0 and temperature is given by equation (4):
where ∆G 0 is the standard Gibbs' free energy (J/mol), R is the ideal gas constant [J/(mol K)], T is the temperature of the mixture (K) and K L is the Langmuir adsorption equilibrium constant.
The latter equilibrium constant can be correlated with the standard enthalpy of adsorption via equation (5): (5) where ∆H 0 is the standard enthalpy (J/mol). In turn, the standard enthalpy can be determined from equation (6) which is based on the third law of thermodynamics:
where ∆S 0 is the standard entropy [J/(mol K)]. Calculation of the thermodynamic parameters in an adsorption process is of fundamental importance, mainly in relation to the involvement of physical adsorption and/or chemisorption in the process.
Characterization of the adsorbent
Imaging and analyses of the chemical composition of the adsorbent were carried out via scanning electron microscopy (SEM).
RESULTS AND DISCUSSION
The influence of different parameters, such as the pH of the aqueous solution, batch agitation, salt addition, temperature and adsorbent grain size, were examined in the removal of Remazol Blue RR so that the best colour-removal conditions could be determined. These conditions were then employed for the removal of the dyes Lanaset Blue 2R and Maxilon Blue GRL 300% in order to verify the efficiency of the adsorbent towards different dye classes.
Removal of the Reactive dye Remazol Blue RR from aqueous solution
Influence of pH
The pH value is an important factor controlling adsorption processes. In order to find the best pH for the removal of Remazol Blue RR, experiments were conducted at different pH values within the range 8-12.
The Langmuir adsorption isotherms (plots of C e versus q e ) as measured at 25 o C and different pH values (8, 10 and 12) are depicted in Figure 1 with the corresponding Langmuir parameters being listed in Table 2 , together with the correlation coefficient, R 2 . From the data listed, it is seen that increasing the pH value from 8 to 10 led to an increase in the maximum adsorption capacity, q m , from 18.656 mg/g to 22.573 mg/g. However, on further increasing the pH value to 12, the maximum adsorption capacity decreased considerably from 22.573 mg/g (at pH 10) to 15.36 mg/g (at pH 12). For this reason, a pH value of 10 was selected as being the optimum value for the removal of the dye under study and employed in subsequent studies. The values of R L , viz. the non-dimensional equilibrium parameter defined in equation (3), calculated for the various values of the Langmuir constant, K L , are also listed in Table 2 . It will be seen that, for the three cases listed, the values of R L varied between 0.023 and 0.969 (0 < R L < 1) depending on the equilibrium concentration, C e . This indicates that the adsorption process was favourable for the pH values studied.
The influence of pH on the adsorption equilibrium may be explained in the same manner as for its influence on the attachment of the dye molecule onto a cellulosic fibre, since the adsorbent employed was also cellulosic in origin. The structural system present in the Reactive dye molecule studied, viz. a chromophore group, a sulphonic group and a reactive group, is capable of linking covalently with the hydroxy groups of Neem, either through nucleophilic addition or a nucleophilic substitution reaction. Employing the analogy of dye fixation onto the cellulosic fibre described previously, the effect of pH on the solid-liquid equilibrium (Neem-dye solution) may be described in terms of chemical interaction between NLP-OH groups and the reactive group of the dye molecule, as depicted in equations (7) and (8) below (Kimura et al. 1999 ):
Dye-SO 2 CH 2 CH 2 OSO 3 Na + NaOH → Dye-SO 2 CH=CH 2 + Na 2 SO 4 + H 2 O
Dye-SO 2 CH=CH 2 + HO-Neem → Dye-SO 2 CH 2 -CH 2 -O-Neem (8) where NaOH is the reagent used for pH adjustment and -SO 2 CH=CH 2 (vinyl sulphone) is the reactive group of the dye. Such a mechanism indicates that the pH of the aqueous medium would have a strong influence on the adsorption process.
Influence of agitation
In order to optimize the adsorption phenomena, the influence of agitation was also studied by maintaining some samples of the concentrated solutions of the studied dye under constant agitation while others were just left to stand. By undertaking the experiments employing different solution concentrations but the same adsorbent mass, it was possible to obtain adsorption isotherms which could be approximated by the Langmuir equation as shown in Figure 2 . The resulting Langmuir parameters are listed in Table 3 and indicate that the value of R L obtained in this case was in the range 0.097 < R L < 0.970, thereby indicating once more that the conditions employed were favourable towards adsorption. Analysis of these parameters in conjunction with the data depicted in Figure 2 showed the values of the maximum adsorption capacity, q m , obtained with and without agitation were quite close, indicating that the process could be conducted without agitation thereby allowing an energy saving. As a consequence, all subsequent experiments were carried out without agitation.
Influence of sodium sulphate addition
In order to simulate the real conditions of dyeing bath effluents, different quantities of sodium sulphate (Na 2 SO 4 • 10H 2 O) were added to the solution. The quantities employed were 0, 2, 4 and 6% of the aqueous solution mass. The experimental data obtained under these conditions are depicted in Figure 3 together with the Langmuir isotherms approximating the data. The corresponding Langmuir parameters are listed in Table 4 .
The parameters in Table 4 indicate that the maximum adsorption capacity, q m , increased from 22.883 mg/g to 32.467 mg/g as the amount of sodium sulphate added to the solution increased from 0% to 4%. However, increasing the sodium sulphate added to 6% led to a decrease in the maximum adsorption capacity to 28.571 mg/g and, for this reason, it was concluded that the addition of 4% sodium sulphate gave the best results for the colour-removal process. For the four cases of sodium sulphate addition, the value of R L was in the range 0.061 < R L < 0.970, again indicating that the conditions employed were favourable for adsorption. Since sodium sulphate is employed in the textile industries to enhance colour fixation onto the cellulosic fibres in fabrics, by analogy it may be assumed that the addition of sodium sulphate also had a positive influence on the fixation of dyes onto NLP.
Influence of temperature
Since adsorption is an exothermic phenomenon, its efficiency must, under constant pressure, decrease continuously with increasing temperature.
The influence of temperature (25, 40 and 60 o C) on the Langmuir adsorption isotherms measured in the present study is shown by the data depicted in Figure 4 . The respective Langmuir parameters are listed in Table 5 , from which it can be seen that the maximum adsorption capacity, q m , decreased continuously with increasing temperature, thereby confirming the exothermic 
Influence of temperature and sodium sulphate addition
As discussed in Section 4.1.4 above, since the adsorption process was exothermic in nature, an increase in temperature did not favour increased adsorption. However, in contrast, increasing the temperature in the presence of sodium sulphate addition (4% of the aqueous solution mass) had a favourable influence of the adsorption process. The data and corresponding Langmuir isotherms obtained for identical systems at different temperatures (25, 40 and 60 ºC) are depicted in Figure  5 with the corresponding Langmuir parameters being listed in Table 6 .
These parameters show that the maximum adsorption capacity increased as the temperature was increased from 25 o C to 40 o C and subsequently to 60 o C. This behaviour, which is the opposite of that described above in Section 4.1.4, was obviously due to the presence of sodium sulphate in the system. It could be attributed to increased interaction between the dye molecules and the adsorbent, brought about by the action of the salt at higher temperatures. It is possible that the presence of the salt increased the degree of ionization at the adsorbent surface, thereby increasing the number of active sites. As the temperature of the system increased, this increased the agitation of the dye molecules so that a greater number of dye molecules moved towards the active surface sites and hence favoured the adsorption process.
Dye Adsorption from Textile Effluents Using Azadirachta indica Leaf Powder
Influence of the adsorbent particle size
The diameter of the adsorbent particles had a considerable influence on the adsorption efficiency, with smaller particles having the greater effect. The influence of particle size on the extent of adsorption was studied employing identical systems with different adsorbent sizes. For this purpose, the crushed NLP was separated into small particles with sizes in the range 40-70 mesh (0.420 mm and 0.210 mm) and larger particles with sizes in the 20-40 mesh range (0.841 mm and 0.420 mm). The adsorption isotherms and associated Langmuir isotherms obtained for both particle sizes studied are shown in Figure 6 .
The results given in Table 7 indicate that the amount adsorbed at equilibrium increased from 24.449 mg/g to 28.49 mg/g as the particle size decreased. As sorption is a surface phenomenon, this result may be attributed to the relationship between the effective specific surface area of the adsorbent particles and their sizes. The values of the specific surface area increased as the particle size decreased and, as a consequence, the saturation capacity per unit mass of sorbent increased. Particles with a large external surface area, i.e. smaller particles, are more capable than larger particles in removing more dye molecules during the initial stages of the sorption process. Again, the values of R L were in the range 0.147 < R L < 0.984, indicating that the conditions for favourable adsorption were again satisfied. The best conditions for the removal of Rezamol Blue RR from aqueous solution by Neem as established by the above experiments are listed in Table 8 . Using these conditions in one experiment, gave the data for colour removal depicted in Figure 7 . This led to 90% removal of Remazol Blue RR dye from aqueous solution, with the corresponding Langmuir parameters being listed in Table 9. The above conditions were then employed to study the removal of an Acid dye (Lanaset Blue 2R) and a Basic dye (Maxilon Blue GRL) from aqueous solution by NLP. 
Removal of the Acid dye Lanaset Blue 2R from aqueous solution
Several experiments were carried out using different dye concentrations in the presence of a constant mass of adsorbent. The experimental data and associated Langmuir isotherm obtained for this dye are shown in Figure 8 . Again employing the same operating conditions as for Remazol Blue RR, the maximum adsorption capacity, q m , of the adsorbent for Lanaset Blue 2R increased from 33.898 mg/g to 36.232 mg/g. This result demonstrates that NLP may also be used as an adsorbent for the removal of different dye classes, such as the Acid dye Lanaset Blue 2R. The removal efficiency for this Acid dye reached 97%.
Removal of the Basic dye Maxilon Blue GRL from aqueous solution
The adsorption isotherm for this dye was determined by carrying out experiments employing a constant mass of adsorbent but different dye concentrations. The experimental data and associated Langmuir isotherm obtained for this dye are shown in Figure 9 .
Again employing the same operating conditions as for Remazol Blue RR, the maximum adsorption capacity, q m , of the adsorbent for Maxilon Blue GRL increased from 33.898 mg/g to 41.660 mg/g from Remazol Blue RR to Maxilon Blue GRL dye. This result demonstrates that NLP may also be used as an adsorbent for the removal of Basic dyes such as Maxilon Blue GRL from aqueous solution. The removal efficiency for this Basic dye was > 99%.
Calculation of thermodynamic parameters
These parameters were obtained via experiments conducted at various temperatures, first in the absence of sodium sulphate addition and then in the presence of that salt. The standard adsorption enthalpy was determined from the slope of the straight line obtained from linear regression of ln K L as a function of the inverse absolute temperature, 1/T (1/K). Equilibrium constants obtained via the Langmuir isotherm were used to calculate the thermodynamic parameters. Figure 10 shows the linear plot of ln K L versus 1/T for the adsorption of Remazol Blue RR dye onto the Neem tree leaf adsorbent, which allowed the standard adsorption enthalpy for the process to be obtained. The Gibbs' free energy and the standard adsorption enthalpy were determined by (3) and (5), respectively. The corresponding results obtained for the standard enthalpy, standard entropy and Gibbs' free energy are listed in Table 10 . The negative value for the standard enthalpy indicates the exothermic nature of the adsorption process. The positive variation in the standard entropy indicates an affinity between the adsorbate and the adsorbent surface. Finally, the positive variation in the Gibbs' free energy indicates that the adsorption process was not spontaneous. 474 A.P.S. Immich et al./Adsorption Science & Technology Vol. 27 No. 5 2009 (5) to the data relating to the adsorption equilibrium of Remazol Blue RR dye in an aqueous solution not containing sodium sulphate.
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The thermodynamic parameters were also calculated via similar experiments conducted in the presence of sodium sulphate. The corresponding results are depicted in Figure 11 with the data being listed in Table 11 . In this case, the positive value for the variation in the enthalpy indicates the endothermic nature of the adsorption. Thus, the process was favoured by an increase in the temperature of the mixture containing sodium sulphate. The positive variation in the standard entropy indicates the affinity between the adsorbate and the adsorbent surface. Finally, the negative variation in the Gibbs' free energy indicates the spontaneity of the adsorption process. (5) to the data relating to the adsorption equilibrium of Remazol Blue RR dye in an aqueous solution containing sodium sulphate. canals and stomata. These stomata consist of an agglomeration of cells whose function is to establish a connection between the internal environment and the atmosphere, thereby providing a canal for the exchange of gases and plant transpiration (Lopes 1997). Finally, mesophyll can be observed, i.e. parenchymal tissue lying within the epidermis, in the lateral areas of the leaf crosssection shown in Figure 12 (c). Two types of parenchyma are found in Neem leaves, one of which is the spongy parenchyma. This tissue is characterized by the presence of a well-developed system of intercellular spaces and by cells which connect them through extensions known as lobes. The large intercellular spaces ensure the efficiency of the gaseous exchange. The data from chemical characterization listed in Table 12 indicate that carbon, oxygen and calcium were present in the pure adsorbent. However, after adsorption of Remazol Blue RR dye, carbon, oxygen, calcium and sulphur were present in the system. The presence of sulphur arises from the reactive group of the dye employed and indicates chemical attachment during the adsorption process.
Characterization of the adsorbent
CONCLUSIONS
A study was carried out to investigate dye removal from aqueous effluents through an adsorption process using NLP as the adsorbent. The influence of different parameters, viz. aqueous solution pH, bath agitation, salt addition, temperature and adsorbent particle size, for the removal of the colour of Remazol Blue RR was established. Equilibrium isotherms indicated that a basic medium favoured dye adsorption, with the best efficiency in the adsorption process occurring at pH 10. No significant difference was found between systems with and without agitation in terms of colour removal and, consequently, systems without agitation were used with the aim of achieving a more economic process. The presence of sodium sulphate in the dye solution had a significant influence on dye fixation onto NLP. The optimum amount of sodium sulphate was found to be 4% dye solution mass in this study. An increase in temperature did not favour the dye-transfer process from the aqueous phase to the adsorbent, thereby confirming the exothermic nature of the process. However, an increase in temperature together with sodium sulphate addition greatly favoured the dye adsorption process. The dimensions of the adsorbent particles also had a considerable influence on the efficiency of the process, with smaller particles yielding better results. The experimental data obtained indicated that > 99% removal of Maxilon Blue GRL dye was achieved by the adsorbent. For the other dyes, viz. Lanaset Blue 2R and Remazol Blue RR, the corresponding removals were ca. 97% and 90%, respectively.
The thermodynamic parameters relating to the adsorption process of Remazol Blue RR dye were determined, with the results indicating that the process was exothermic in the absence of sodium sulphate. However, when sodium sulphate was added to the system, the adsorption process became endothermic, thereby indicating that an increase in temperature in the presence of salt favoured dye removal.
The results obtained demonstrate the good efficiency of NLP as an adsorbent for the removal of the textile dyes studied. Thus, the use of NLP as an adsorbent could be applied as one of the stages in textile effluent-treatment processes.
